Abstract CdS/ZnO nanorods composite nanofilms were successfully synthesized via hydrothermal method on indium doped tin oxide glass substrates. Sequentially deposited CdS formed cauliflower like nanostructures on vertically aligned ZnO nanorods. The morphological, compositional, structural and optical properties of the films were characterized by field emission scanning electron microscopy, energy dispersive X-ray analysis, X-ray diffraction and ultraviolet-visible spectroscopy. Photoelectrochemical conversion efficiencies were evaluated by photocurrent measurements in a mixture of Na 2 S and Na 2 SO 3 akaline aqueous solution. The amount of deposit, as well as the diameter and crystallinity of the CdS cauliflower were found to increase with growth time. CdS/ZnO nanorods composite exhibited greater photocurrent response than ZnO nanorod arrays. Besides, the composite film with 90 min of growth duration displayed the highest photocurrent density which is nearly four times greater than plain ZnO nanorods under the illumination of halogen light. The result exhibited remarkable photoconversion efficiency (g) of 1.92 %.
Introduction
ZnO metal oxide semiconductor as a nanoelectrode applied in photoelectrochemical cell (PEC) is gaining a lot of research interest nowadays. It is a promising semiconductor material in PECs due to its high electronic mobility, which would be favourable for electron transport with reduced recombination loss when applied in PECs [1, 2] . However, the band gap of ZnO is too large (3.37 eV) which enable this material to absorb only a small amount of visible light. In order to improve the absorption of visible light, it is crucial to modify the semiconductor metal oxide nanoelectrodes. This can be conducted through sensitization of the surface or doping the wide band gap materials to increase light harvesting [3, 4] . Therefore, many sensitizers and organic dyes have been extensively studied in the preparation of semiconductive materials. So far, organic dye/ZnO nanoelectrodes like ZnO/N719 [5, 6] , ZnO/N3 [7] , and ZnO/eosin Y [8, 9] have been extensively studied. Besides organic dyes, narrow band gap semiconductors have received tremendous attention recently due to their excellent properties such as high absorption coefficient, well matched band gap with the solar spectrum, great stability and adjustable band gap. Nanostructured metal chalcogenides such as CdS [10] [11] [12] , CdSe [13] [14] [15] , CdTe [16] , PbS [17, 18] , ZnS [19, 20] , Ag 2 S [21, 22] , and cosensitized CdS/CdSe [23] [24] [25] have attracted considerable interest owing to their applications in optical, electronics and semiconductor devices. CdS is proven to be an effective sensitizer due to its suitable band gap and impressive optical properties with high optical absorption for reduction/oxidation of water as well as high electron affinity [26] .
Many methods have been explored to produce CdSsensitized ZnO nanoelectrodes. Chemical bath deposition (CBD) is the usual technique being applied to deposit CdS on ZnO nanoelectrodes. However, alkaline deposition solution and high deposition temperature are needed for CdS deposition by CBD and this may lead to dissolving ZnO nanoelectrodes in the deposition solution and resulted in low performance of CdS/ZnO nanoelectrodes [11] . Besides, successive ionic layer adsorption reaction (SILAR) method is simple and fast as its deposition processes include the immersion of electrodes in the solution of cation followed by the anion solution. Moreover, this method is usually carried out at room temperature [26] [27] [28] [29] . On the other hand, low film growth rate for almost all kinds of films is still the major disadvantage of SILAR, which limits its application in semiconductor industry [30] . Nowadays, many researchers have explored into spin coating method to fabricate ZnO/CdS core-shell nanowires as photoanodes in PEC devices [31] . The same method has been utilized to deposit CdS/CdSe and CdS as quantum dots [32, 33] . The biggest disadvantage of spin coating method is the difficulty faced in obtaining a good surface coverage and well dispersed deposits as only 2-5 % of the material was being coated onto the substrate while the remaining 95-98 % be wasted on the wall of the coating bowl [34] . On the other hand, researchers are also developing new deposition methods for CdS in order to obtain high yield of CdS-sensitized ZnO samples. Recently, Liu et al. [35] highlighted on the synthesis of CdS/ZnS-sensitized ZnO nanorods (NRs) via hydrothermal method and it was proven that the prepared samples are able to display impressive hydrogen generation efficiency during photoelectrochemical water splitting application. The hydrothermal method has a unique advantage of low reaction temperature of \200°C. This low reaction temperature resulted in excellent crystalline quality [36] . Moreover, it can be carried out in a closed compartment with low environmental impact. The hydrothermal of CdS is based on the cadmium and sulfide ions in the solution and the chemical deposition can be attained via:
The direct ionic reaction produces high-quality thin film without impurities [37] . The only disadvantage of this method is expensive autoclave system is needed [38] .
However, in this work, we proved that the reaction can be carried out in a simple low cost sealed glass vials without using any additives. Hence, hydrothermal method was applied to deposit CdS onto ZnO nanorods in this work, and the structural, morphological, optical properties and photoelectrochemical performance of CdS/ZnO electrodes for potential application in solar cells were investigated.
2 Experimental methods
Preparation of ZnO nanorods
As shown in Fig. 1 , ZnO NRs were synthesized via sol-gel spin coating and hydrothermal methods. Indium tin oxide (ITO, 20 X cm -2 ) glass plates were used as substrates and were sonicated in acetone, 2-propanol and deionized water prior to use. A dense and uniformly spread seed layer of ZnO nanoparticles was prepared by mixing 0.1 M zinc acetate dihydrate (Zn(CH 3 COO) 2 Á2H 2 O) in ethanolic solution with 0.1 M diethanolamine (C 4 H 11 NO 2 ). The mixture was stirred at 60°C for 30 min to yield a homogeneous and stable colloid solution followed by aging overnight. The solution (100 lL) was coated onto ITO substrates (1.0 9 1.5 cm 2 ) by conducting the spin coating process (40 s, 3000 rpm), and then the coated substrates were heated for 15 min at 100°C to remove residual solvents. A total of three coating cycles were deposited in ensuring a dense and uniform dispersion of ZnO seed layer was coated onto the ITO substrates. The coated samples were then annealed at 350°C for 1 h with the heating rate of 2°C per min to form highly dense ZnO nanofilm.
Then, the annealed samples of ZnO were subjected to the hydrothermal process for the growth of ZnO nanorods. The mixture of solution involved in the growth of ZnO NRs comprised of 40 mM zinc nitrate and 40 mM hexamethylene-tetramine (HMTA). The coated ZnO seed layer samples were then immersed into the solution mixture. The hydrothermal process was conducted at 90°C for 4 h. Finally, the samples (ZnO nanorods) were rinsed with deionized water several times to eliminate any remaining salt and organic materials from the surface and left to dry in air.
Preparation of CdS/ZnO nanorods
Facile and low-temperature growth of well-aligned CdS/ ZnO NRs/ITO substrates at different growth time was investigated. As shown in Fig. 1 , ZnO NRs were immersed into sealed glass vials containing 3 mM cadmium chloride and 30 mM thiourea, and the temperature was maintained at 90°C in oil bath. The obtained samples were washed with deionized water followed by drying in air.
Characterizations of CdS/ZnO nanorods
Morphology of the samples was obtained from field emission scanning electron microscopy (FESEM) using JSM-7600F equipped with INCA energy dispersive X-ray spectrometer (EDX) and operated at 10 kV. The structure and phases of the samples were analyzed by X-ray diffractometer (Panalytical X'Pert Pro MPD) by using CuKa radiation (k = 1.54 Å ) at 40 kV and 40 mA. Absorbance spectra of the prepared samples were measured using Lambda 20 ultraviolet-visible spectrophotometer (Perkin Elmer Instruments).
Photoelectrochemical performance of CdS/ZnO nanorods
Samples of ZnO NRs and CdS/ZnO NRs were used as working electrodes, Ag/AgCl as the reference electrode and Pt wire as the counter electrode in a conventional three electrode cell system. The photoelectrochemical measurement was carried out using linear sweep voltammetry (Autolab PGSTAT204/FRA32M module) to control the potential and record the corresponding photocurrent at the scan rate of 20 mV s -1 in a mixture of 0.1 M Na 2 S and 0.1 M Na 2 SO 3 electrolyte (pH = 13) under the halogen lamp illumination. The light intensity was measured using fiber optic spectrometer (Avaspec-2048) and the obtained value was 100 mW cm -2 .
Results and discussion
The morphological structures of ZnO NRs and CdS/ZnO NRs are shown in Fig. 2 . The well-defined rod structure of ZnO NRs can be observed in Fig. 2a while the vertically aligned ZnO NRs are displayed in the inset of Fig. 2a . On the other hand, CdS cauliflower-like structure is found to be deposited onto the ZnO NRs shown in Fig. 2b-f . The formation of the cauliflower structure becomes more intense and larger as the growth time increases. However, this does not alter the alignment of the nanorods as observed in the insets of Fig. 2b-f . Besides, ZnO NRs/ITO is found to be whitish, while CdS/ZnO nanorods/ITO is in yellowish. However, the yellow coloured samples become darker as the growth time increases. Nanostructure size for CdS at different growth time was determined by using ImageJ software. It is observed that the CdS nanostructures are in the range of 61-100 nm, while the nanostructure size of ZnO NRs before deposition CdS was 52.65 nm. The cross-section images of bare ZnO NRs and the ZnO NRs sensitized by CdS at different growth time are shown in Fig. 2a-f . From Fig. 2a , it is found that the shape of the 0 2) planes. Thus, it is proven that high purity samples were produced. Apart from these peaks, only indium tin oxide (JCPDS: 01-089-4598) peaks were detected in all the samples coated onto ITO substrates. The average crystallite size of the ZnO and CdS were estimated based on the Scherrer formula [39] for the crystallite size broadening of diffraction peaks: D = 0.94k/b cos h, where k is the X-ray wavelength, h is the Bragg angle, and b is the FWHM of the diffraction peak. The value of ZnO was 22.2 nm at 2h = 34.52°in place of (0 0 2) diffraction peak, while for CdS at 30, 60, 75, 90 and 120 min growth time were 14.8, 17.3, 18.9, 19.7 and 25.9 nm by using (0 0 2) diffraction peak at 2h = 26.5°. The broad peak as shown in Fig. 3 confirmed on the nanosize of the deposit.
EDX analysis of CdS/ZnO NRs/ITO (90 min) is shown in Fig. 4 . The EDX spectrum indicates that the nanostructure composed of Zn, O, Cd and S elements, and the atomic ratio of Cd to S is close to 1. The typical EDX spectrum displays intense peaks of Cd and S between 2 and 4 keV. Other peaks originated from the ITO glass substrate were also observed. Figure 5 exhibits the UV-Vis absorption spectra of CdS/ ZnO NRs prepared at different growth time. The absorption profiles shifted from blue to red as CdS growth time increases. The band gap energy of each sample was determined from the intersection of tangent lines at the near edge transition with the x-axis as shown in Fig. 6 . It was found that the band gap energy of CdS/ZnO nanorods decreases with growth time and the smallest band gap value of 2.36 eV was obtained at the longest growth time of 120 min, and this indicates quantum confinement effect. This is in agreement with FESEM analysis in which this sample exhibited the largest nanostructured particles.
In order to obtain the optimum deposition conditions of CdS/ZnO NRs, the growth time has been varied. It was found that CdS/ZnO NRs exhibit better photoelectrochemical performance compared to ZnO nanorods only as shown in the photocurrent-voltage (J-V) curves in Fig. 7 . This can be attributed to the light absorption in the visible region by CdS. The measured photocurrent density increases with CdS growth time before showing decrement at 120 min. With total charge of 1 cm 2 passing through the working electrode during the measurement, the highest photocurrent density value of 2.87 mA cm -2 is recorded at the potential voltage of 1.0 V for CdS/ZnO NRs sample with CdS growth time of 90 min. The photocurrent density value decreases to 0.89 mA cm -2 for sample with CdS growth time of 120 min. This can be interpreted that as the deposition of CdS on the surface of ZnO NRs increases with growth time, this may lead to larger photocurrent which resulted in greater exciton generation. However, if the CdS growth time is too long, an excessive amount of CdS will be deposited on the surface of ZnO NRs. This may cause the aggregation of CdS that will increase the recombination loss of the photogenerated excitons in which the excitons have to diffuse longer to reach the interface of CdS/ZnO NRs for charge separation as depicted in Fig. 8 . The same phenomenon is observed by Edri et al. [40] . Therefore, the optimum CdS growth time on ZnO NRs is considered to be 90 min. Besides, photoelectrochemical conversion efficiency (g) can be calculated from photocurrent-voltage (J-V) data as below [21, 41] :
where J ph (J Ph = J light -J dark ) is the photocurrent density in (mA cm -2 ), V app (V) is the applied voltage, the standard reversible redox potential of water electrolysis [vs. the normal hydrogen electrode (NHE)] is denoted as 1.23 V, and P in (mW cm -2 ) is the power density of the illumination. For the bare ZnO nanorods, the open-circuit voltage (V oc ) was about -0.55 V versus Ag/AgCl, and the Table 1 . J sc can be determined by measuring J sc when V app = 0 (under shortcircuit condition).
The observed variance in V oc displays a negative shift of the Fermi level owing to the coupling effect between CdS and ZnO NRs. Besides, CdS/ZnO NRs exhibits greater photocurrent density J ph as the CdS growth time increases before a decrement is observed at 120 min. Photoconversion efficiency values of ZnO NRs/ITO and CdS/ZnO NRs/ ITO prepared at different growth time is depicted in Fig. 9 .
Being the optimum prepared sample at 90 min as shown in Fig. 9a, b , CdS/ZnO nanorods exhibits the highest photoelectrochemical conversion efficiency (g) by achieving 1.92 % with open-circuit photovoltage (V oc ) and shortcircuit photocurrent density (J sc ) at the values of -1.07 V and 1.51 mA cm -2 respectively. The obtained J sc value was found to be higher than the reported value by Guerguerian et al. [42] . This can be interpreted that the highly ordered ZnO NRs may have provided photoinjected electrons with direct electrical pathway to the photoanode and lead to fast charge transport in the photoelectrochemical system. Larger surface area of ZnO NRs has enabled greater amount of CdS to be deposited for better light harvesting efficiency. Moreover, the well-defined cauliflower-like structure of CdS (without agglomeration) at growth time of 90 min enhanced the whole system. However, longer growth time of CdS/ZnO NRs at 120 min caused agglomeration of CdS and this may lead to reduction of electrons transferred from CdS to ZnO. Thus, longer growth time does not guarantee better photoelectrochemical conversion efficiency.
Conclusion
Sensitization of ZnO NRs with cauliflower-like structure CdS has been proven to be an effective way in developing solar-cell materials. CdS was found to be uniformly distributed on ZnO nanorods as observed in the FESEM images. X-ray diffractograms revealed single phase CdS and ZnO was obtained. The band gap values exhibited by ZnO NRs and CdS/ZnO NRs with 90 min growth time are 3.15 and 2.38 eV respectively. The photocurrent-voltage characteristics revealed that there was an enhancement in open-circuit photovoltage (V oc ) and short-circuit photocurrent density (J sc ) in CdS/ZnO NRs as the growth time 
